Patients with schizophrenia show decreased processing speed on neuropsychological testing and decreased white matter integrity as measured by diffusion tensor imaging, two traits shown to be both heritable and genetically associated indicating that there may be genes that influence both traits as well as schizophrenia disease risk. The potassium channel gene family is a reasonable candidate to harbor such a gene given the prominent role potassium channels play in the central nervous system in signal transduction, particularly in myelinated axons. We genotyped members of the large potassium channel gene family focusing on putatively functional single nucleotide polymorphisms (SNPs) in a population of 363 controls, 194 patients with schizophrenia spectrum disorder (SSD) and 28 patients with affective disorders with psychotic features who completed imaging and neuropsychological testing. We then performed three association analyses using three phenotypes -processing speed, whole-brain white matter fractional anisotropy (FA) and schizophrenia spectrum diagnosis. We extracted SNPs showing an association at a nominal P value of <0.05 with all three phenotypes in the expected direction: decreased processing speed, decreased FA and increased risk of SSD. A single SNP, rs8234, in the 3 ′ untranslated region of voltage-gated potassium channel subfamily Q member 1 (KCNQ1) was identified. Rs8234 has been shown to affect KCNQ1 expression levels, and KCNQ1 levels have been shown to affect neuronal action potentials. This exploratory analysis provides preliminary data suggesting that KCNQ1 may contribute to the shared risk for diminished processing speed, diminished white mater integrity and increased risk of schizophrenia.
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In the central nervous system, potassium channels serve the fundamental function of supporting action potentials and electrical signal propagation along the neurons and their myelinated axons (Choe 2002) . The spread of outward currents of action potentials along the axons are achieved by the opening of the voltage-gated potassium channels at the nodes of Ranvier (Yellen 2002) . Indeed, potassium channels are densely expressed in the nodes of Ranvier of myelinated axons where they support saltatory signal propagation, greatly speeding up signal transmissions across brain regions (Buttermore et al. 2013) . They regulate action potential initiation and conduction (Battefeld et al. 2014) and are responsible for the repolarization phase of action potentials, and the speed and selectivity of potassium channels regulate the currents in fast-spiking neurons (Bean 2007; Yellen 2002 ). There are 92 human genes encoding different potassium channels [HUGO Gene Nomenclature Committee (HGNC) Database, www.genenames.org]. Some of these channels such as KCNJ10 and KCNJ16 are restricted to oligodendrocytes where they maintain the resting potential of oligodendrocytes necessary for myelin integrity (Brasko et al. 2016) . Given the neurophysiological roles of potassium channels, genetic variance in potassium channel genes may have a shared common effect on the function of myelinated axons and processing speed.
Cognitive deficits are core symptoms in schizophrenia, and analyses show that processing speed as measured by the digit symbol substitution task (DSST) has one of the largest schizophrenia-control differences among cognitive domains (Dickinson et al. 2007; Henry & Crawford 2005; Knowles et al. 2010) . The large effect size of the DSST compared with other cognitive tasks remains after considering medication effects (Knowles et al. 2010) . The heritability estimates for processing speed range between 33% and 68% (Cirulli et al. 2010; Lee et al. 2012; Wright et al. 2001) .
White matter impairment has also emerged as one of the most consistent neurobiological deficits identified in schizophrenia (Davis et al. 2003; Friedman et al. 2008; Kochunov et al. 2013; Mori et al. 2007; Perez-Iglesias et al. 2010) , primarily through measurement of the fractional anisotropy (FA) using diffusion tensor imaging (DTI). White matter abnormalities in patients with schizophrenia have been shown to mediate their processing speed deficit (Karbasforoushan et al. 2015; Wright et al. 2015) . Furthermore, processing speed and white matter FA have been found to be phenotypically and genetically correlated (Kochunov et al. 2016a) . These findings have led to a search for genes that influence both white matter and processing speed in healthy adults (Giddaluru et al. 2016) .
As cerebral white matter facilitates the speed of electrical signal processing through myelinated axons (Chang & Rasband 2013) , alterations in white matter may affect efficiency of electrical signaling and contribute to the neurocognitive processing speed impairments seen in schizophrenia (Roalf et al. 2013) . We hypothesized that potassium channel genes may impact white matter microstructures that regulate axonal electric signal processing, which in turn influence processing speed deficits seen in schizophrenia.
In a preliminary exploration of this concept, we used a genome-wide association study (GWAS) array to genotype and then select the available genetic variants from potassium channel genes in a modest group of patients and controls. Our eventual goal was to detect potassium channel genetic variants that are associated with the portion of processing speed deficit that is contributed by white matter deficits in schizophrenia. One step in this direction is to test whether there was any variant(s) in these genes that (1) showed schizophrenia-control differences (2) was associated with brain white matter integrity as measured by DTI-FA and (3) was associated with processing speed. As the sample size is small, the above exploratory analyses were focused on putatively functional variants, i.e. single nucleotide polymorphisms (SNPs) that are in 3 ′ or 5 ′ untranslated regions (UTRs) or exonic SNPs that are nonsynonymous.
Materials and methods

Sample
A total of 585 Caucasian individuals participated in this study. Patients were recruited from outpatient clinics of the Maryland Psychiatric Research Center and neighboring outpatient clinics. Community controls were recruited through media advertisements and random digit dialing. The Structured Clinical Interview for DSM-IV (SCID) (First et al. 1995) was utilized to obtain DSM-IV diagnoses in all participants, which were based on consensus agreement from two or more research psychiatric clinicians. This resulted in 194 schizophrenia spectrum disorder (SSD) patients and 363 community controls (Table 1 ). An additional 28 individuals with psychosis had a primary mood disorder and were diagnosed with affective disorders with psychotic features, including 20 with bipolar disorder with psychotic features and 8 with major depressive disorder with psychotic features; these individuals were excluded from diagnosis-based analysis but were included in processing speed and DTI-based analyses. Of the 194 SSD patients, 160 had schizophrenia and 34 had schizoaffective disorder. Community controls had no schizophrenia spectrum diagnosis or psychotic disorders. The majority of schizophrenia patients were on antipsychotic medications. Major medical and neurological illnesses, history of head injury with cognitive sequelae, mental retardation, substance dependence within the past 6 months or current substance abuse (except nicotine) were exclusionary for all participants. A genomic identity by descent procedure was used to identify and correct for any familial relatedness among individuals in the study (see Statistical analyses section). For the rs8234 diagnosis-based analysis, four individuals were excluded because of missing genotype. Subjects younger than 16 or older than 65 were excluded for both processing speed and white matter phenotype analyses as both have a strong developmental trajectory and age-specific effects on these phenotypes and their heritability maybe more pronounced in older subjects Kochunov et al. 2013) . All participants gave written informed consent as approved by the University of Maryland IRB.
Processing speed task
We used the DSST to measure processing speed (Ashe & Georgopoulos 1994; Lancaster et al. 2005; Lutz et al. 2005) . The task is part of the Wechsler Adult Intelligence Scale-Third Edition (WAIS-3) and is considered a test for speed of information processing and psychomotor response (Weschler 1997) , although some authors have argued that it also has an executive function component (Knowles et al. 2015) . The processing speed association analysis included 466 subjects (170 SSD, 268 controls and 28 with affective disorders with psychotic features). The test has 133 digits. The number of correct symbols within the allowed 120 seconds was measured. The WAIS-3 norms were used to report age scaled scores which confirms that the control group performs at the normal population mean. For the rs8234 processing speed association analysis, three subjects were excluded for missing genotype.
Imaging
Imaging was performed on three generations of 3T Siemens (Erlangen, Germany) scanners: Allegro 3T with a 6-channel headcoil, Trio 3T with a 12-channel headcoil and Trio 3T with a 32-channel headcoil. The DTI data acquisition and preprocessing are completely described (Kochunov et al. 2016b) . All data passed QA control of <3 mm accumulated motion during the scan. There was no significant difference in the head motion parameters between patient and controls. The HARDI data was processed using a tract-based spatial statistics (TBSS) method, distributed as a part of FMRIB Software Library (FSL) package (Smith et al. 2006 ). The population-based DTI cerebral white matter (WM) tract atlas developed at John Hopkins University and distributed with the FSL package (Wakana et al. 2004 ) was used to calculate average FA values along the spatial course of major WM tracts as described elsewhere (Kochunov et al. 2011a (Kochunov et al. ,b, 2012 . Whole-brain averaged FA was the primary measure. The DTI association analysis included 313 subjects (96 SSD, 199 controls and 18 with affective disorders with psychotic features). For the rs8234 FA association analysis, two subjects were excluded for missing genotype data.
Data homogenization
The ENIGMA-DTI mega-analysis algorithm was used to combine the DTI and processing speed data from three cohorts into a single population following the publically available ENIGMA regression of nuisance covariates and data homogenization (Kochunov et al. , 2016b . The algorithm uses two normalization steps: regression of covariates per cohort, followed by the per-cohort inverse Gaussian normalization of data. This produced the mega-analytic sample for testing the primary hypothesis. The validity of mega-analytical homogenization in these three cohorts was shown by demonstrating that results obtained using mega-analysis were nearly identical (r > 0.99) to those produced using a classical meta-analysis approach (Kochunov et al. 2016b) . Processing speed and FA were normalized for age, age 2 , sex, sex × age and sex × age 2 . There were no age or sex covariates for the diagnosis phenotype.
Genotyping
Whole blood was collected for DNA extraction and genotyping was performed on the Omni2.5-8 Bead Chip Kit (Illumina, San Diego, CA, USA) according to the manufacturer's standard protocols. PLINK version 1.9 (Chang et al. 2015) was used for genetic analysis. Individual genotype call rate and heterozygosity rate were calculated using PLINK, and outlying samples with heterozygosity rates three standard deviations from the mean were identified as outliers in otherwise Gaussian distributions and removed. To minimize computational complexity of sample relatedness, SNPs were pruned so that no pair of SNPs within a window of 50 SNPs has an r 2 value >0.2. We also excluded regions of strong linkage disequilibrium, such as the major histocompatibility complex region. Identity by descent was estimated from the pruned dataset. Related individuals (identity by descent > 0.1875) were kept in the analysis to maximize power because mixed-model association analysis can correctly account for relatedness. Principal components analysis, implemented in SMARTPCA (Eigenstrat), was used to identify samples of non-European ancestry which were excluded from the current study. Principal components were defined using population samples from the 1000 Genomes Project and then projected into this sample. The SNPs with minor allele frequency (MAF) of less than 0.1%, Hardy-Weinberg equilibrium P < 0.001, call rate lower than 98% and those that failed the PLINK non-random differential missing data rate test between cases and controls (P < 1 × 10 −5 ) were excluded. From these, we extracted SNPs that were associated with the 92 potassium channel genes as curated by HGNC (Table S1 , Supporting information). Human potassium channel genes constitute the largest and most varied family of ion channels (Trimmer 2015) . Potassium channels can be grouped into different subfamilies depending on their structure, gating mechanism and direction of ion flow: for instance constitutively open potassium channels, inwardly rectifying potassium channels and calcium or sodium-activated channels (Trimmer 2015) . The largest subfamily is voltage-gated potassium channels with over 40 members, named by letter designation A, B, C, D, F, G, H, Q, S and V. The SNPs were filtered to extract those with MAF ≥ 5% that were in 3 ′ or 5 ′ UTRs or nonsynonymous as annotated by ANNO-VAR (v2016Feb01) (Wang et al. 2010) . These filters resulted in 136 3 ′ UTR, 25 5 ′ UTR and 24 nonsynonymous SNPs from potassium channel genes (n = 185 genotyped SNPs). Of the nonsynonymous SNPs, six were predicted by PolyPhen-2 (Polymorphism Phenotyping v2) (Adzhubei et al. 2010) to be possibly or probably damaging.
Statistical analyses
We performed genome-wide association analysis using SOLAR-Eclipse software (www.solar-eclipse-genetics.org) which uses maximum likelihood methods to decompose the variance of a trait into genetic and environmental components by modeling the covariance between individuals as a function of their genetic proximity (Day-Williams et al. 2011) . To account for any genetic relatedness among the participants (15.9% of the participants have one or more family members in the study), an empirical kinship matrix was obtained from the genotype data to accommodate for shared common genetic variance among related subjects (Day-Williams et al. 2011) . Each SNP dosage was coded as 0, 1 or 2, and tested one at a time assuming an additive effect of alleles. The significance of each SNP is adjusted for shared genetic variance among subjects by comparing the null model without the SNP, but with the coefficient of relationship matrix to the model of interest with the SNP . To account for population stratification, the first four principal components of the genome-wide SNP data were also added to this model. The fast exact likelihood calculation method was employed for all analyses .
Our hypothesis is that particular potassium channel SNPs may contribute to decreased FA, decreased processing speed (PS) and increased risk of SSD, which would indicate potassium channel variants that may affect processing speed impairments in schizophrenia through reducing white matter FA. To test this hypothesis, we filtered the three association analyses by direction such that one allele of the extracted SNP had the same direction of association with risk of SSD, reduced PS and reduced FA. We used two statistical steps for testing this. First, we identified nominally significant association of an SNP with each of the three phenotypes (each P < 0.05). Second, we compared the actual P-value from the combined P-values to the Bonferroni corrected P-value for multiple comparisons of 185 SNPs (<0.05/185 = 0.00027). To define the actual significant P-value, we combined the P-values of the association analyses of the three phenotypes by Fisher's formula (Fisher 1932) , which was further divided by 4 for the directions of the associations all aligning under the null hypothesis.
Results
We found one SNP, rs8234, that was nominally significant for SSD, processing speed and FA phenotypes in the expected joint directions (P = 0.046, = 0.05; P = 0.034, = −0.05; and P = 0.004, = −0.12, respectively) (Fig. 1) . The combined P-value after adjusting for alignment was 0.00013, which was smaller than the Bonferroni corrected threshold of 0.00027. Rs8234 is located in the 3 ′ UTR of voltage-gated potassium channel subfamily Q member 1 (KCNQ1) which also overlaps with the intronic region of the KCNQ1 antisense RNA gene (KCNQ1-AS1) (Neyroud et al. 1999) (Fig. 2) . Rs8234 did not deviate significantly from Harvey-Weinberg equilibrium (P = 0.56).
We also used ENIGMA2 imputation protocol (http:// enigma.ini.usc.edu/protocols/genetics-protocols/), which was based on the 1000 Genome standard, to impute additional SNPs from the same regions. This resulted in a set of 466 imputed SNPs that had MAF ≥ 5% and were in 3 ′ or 5 ′ UTRs or nonsynonymous. There were no imputed SNPs that showed P-values <0.05 across all three phenotypes. 
Discussion
We hypothesized that potassium channel genes may contribute to the part of the processing speed impairment in schizophrenia that is due to abnormal white matter-related signal transmission deficits in schizophrenia. These exploratory analyses identified a 3 ′ UTR SNP in the voltage-gated KCNQ1 gene that was nominally but simultaneously significant in association with reduced processing speed, reduced whole-brain FA and SSD.
There are several lines of evidence supporting the potential relevance of the finding. Potassium channels have been linked to psychiatric illnesses such as bipolar disorder, schizophrenia and autism (Askland et al. 2009; Belengeanu et al. 2014; Gargus 2006; Griswold et al. 2015; Heide et al. 2012; Imbrici et al. 2013; Kuo et al. 2014; Strauss et al. 2014) . One potassium channel gene, KCNH2, which is well known as a cause of long QT syndrome (Curran et al. 1995) and antipsychotic-related prolonged QT interval (Kongsamut et al. 2002) , was found to be associated with processing speed and schizophrenia (Atalar et al. 2010; Huffaker et al. 2009 ). Genome-wide association studies in schizophrenia have identified significant loci containing potassium channel genes, for instance KCNB1 (Schizophrenia Working Group of the Psychiatric Genomics Consortium 2014) and KCNJ3 (Yamada et al. 2012) . Expression studies have also identified a role of potassium channels in schizophrenia with KCNS3 (Georgiev et al. 2014) and KCNC1 (Yanagi et al. 2014) showing abnormal expression in the cortex of patients with schizophrenia. Another two genes KCNF1 and KCNH7 showed increased expression in brains of patients with schizophrenia (Roussos et al. 2012) .
Our study differs from previous studies by attempting to restrict the search of genetic variants to those potassium channel gene variants that may be related to the processing speed deficit in schizophrenia through their role in myelinated axons, using a combined related-endophenotype and disease-phenotype approach. Our finding of a KCNQ1 association with this exploratory joint phenotype analysis maybe of interest as members of the KCNQ family are renowned for harboring mutations that cause human diseases (Jentsch 2000) . The KCNQ1 has been linked to long QT syndrome (Wang et al. 1996) as well as deafness (Neyroud et al. 1997) and epilepsy (Goldman et al. 2009; Tiron et al. 2015) . The KCNQ-mediated potassium current, also called M current (Wang et al. 1998) , is crucial in regulating central nervous system neuronal excitability such that a 25% reduction can cause epilepsy (Schroeder et al. 1998) . Converging evidence supports the potential role of the KCNQ gene family in bipolar disorder Kaminsky et al. 2015) . Interestingly, KCNQ pharmacological modulators have shown psychotropic effects in animal models (Grunnet et al. 2014) , and there is also evidence that a pharmacological modulator of KCNQ channels improved learning and memory in animal models (Fontana et al. 1994; Zaczek et al. 1997) .
Although earlier reviews of the KCNQ family (Delmas & Brown 2005; Jentsch 2000) describe KCNQ1 channels as non-neuronal channels, modern gene expression studies show clear evidence of KCNQ1 expression in the central nervous system; Luo et al. (2008) showed KCNQ1 expression in human brains, and Goldman et al. (2009) showed KCNQ1 expression in frontal, temporal, parietal and occipital lobes as well as hippocampus and spinal cord including in glia cells of white matter tracts.
The rs8234 variant in the 3 ′ UTR of KCNQ1 is of interest also because there is evidence that it is a functional SNP. Rs8234 has been shown experimentally to influence the expression level of KCNQ1 with the A allele being associated with higher expression than the G allele by luciferase reporter assays as well as by using the clinical phenotype of QT length (Amin et al. 2012) although the association with QT has not been replicated (Crotti et al. 2016 ). In our sample, the A allele was jointly associated with reduced processing speed, reduced white matter FA and higher risk for schizophrenia. Furthermore, increased expression of KCNQ1 in neurons causes decreased action potential frequency, and it is partly through this mechanism that Transcription Factor 4 (TCF4), a strong candidate gene for schizophrenia (Schizophrenia Working Group of the Psychiatric Genomics Consortium 2014), alters the intrinsic excitability of prefrontal neurons. This excitability deficit is reversed by KCNQ1 antagonists (Rannals et al. 2016) .
There were several limitations in our approach. A main limitation of our study is the relatively small sample size although it is within the range of other recent genetic studies using DTI data. Our P-values did not reach genome-wide significance, and without replication our results can only be viewed as exploratory and should be interpreted with caution. A second limitation is that by covarying out age, sex, age 2 and their interactive effects as nuisance variables, we limited the ability to study their potential effects on genotypes and groups. However, the sample did not have the power to comprehensively examine all the possible combinations of these effects. A third limitation is that the processing speed measure was based on a single DSST task. Information processing speed is a complex cognitive construct involving also attention, motivation and other cognitive functions, and many cognitive batteries use a combination of DSST and other tasks such as Trail Making Test Part A and Stroop Color-Word Interference Test to represent processing speed which may be a better approach. However, DSST does capture a substantial variance in processing speed likely because it represents a very general constraint on cognitive processing (Salthouse 1996) , and DSST is the most robust cognitive task for separating healthy controls and schizophrenia patients (Dickinson et al. 2007) . Another important limitation of using DSST alone without other cognitive tests is that we did not test for specificity of the findings, which limits the interpretation of whether the findings were specific to information processing speed or more general cognitive deficits.
In conclusion, the results of this preliminary analysis of the potassium channel gene group suggest a potential mechanism by which variants in KCNQ1 may alter white matter electrical signal transmission and thus contribute to cognitive deficits such as slower processing speed in schizophrenia.
